Abstract-The synthetic aperture radar (SAR) Doppler centroid has been used to estimate the scatter line-of-sight radar velocity. In weak to moderate ocean surface current environment, the SAR Doppler centroid is dominated by the directionality and strength of wave-induced ocean surface displacements. In this paper, we show how this sea state signature can be used to improve surface wind retrieval from SAR. Doppler shifts of C-band radar return signals from the ocean are thoroughly investigated by colocating wind measurements from the ASCAT scatterometer with Doppler centroid anomalies retrieved from Envisat ASAR. An empirical geophysical model function (CDOP) is derived, predicting Doppler shifts at both VV and HH polarization as function of wind speed, radar incidence angle, and wind direction with respect to radar look direction. This function is used into a Bayesian inversion scheme in combination with wind from a priori forecast model and the normalized radar cross section (NRCS). The benefit of Doppler for SAR wind retrieval is shown in complex meteorological situations such as atmospheric fronts or low pressure systems. Using in situ information, validation reveals that this method helps to improve the wind direction retrieval. Uncertainty of the calibration of Doppler shift from Envisat ASAR hampers the inversion scheme in cases where NRCS and model wind are accurate and in close agreement. The method is however very promising with respect of future SAR missions, in particular Sentinel-1, where the Doppler centroid anomaly will be more robustly retrieved.
I. INTRODUCTION

W
IND vectors over ocean are linked to the ocean roughness and the normalized radar cross section (NRCS) as detected by active radar sensors such as scatterometers or synthetic aperture radar (SAR).
Scatterometers provide daily global wind estimates which have made a unique and invaluable contribution to the continuously improving accuracy of weather forecast models over the last decades. The relatively coarse spatial resolution of scatterometers (order of 10 km) is still a limitation in coastal regions, where most human offshore activities are confined. Mesoscale variations of wind, often induced by topography effects, land-sea breezes, or convective structure, are usually not resolved, and strong radar backscatter from land inhibits wind retrieval closer than 15 km from the coast. SAR systems, on the other hand, provide a spatial resolution of the order of tens of meters, to provide information even inside narrow bays and fjords [1] . However, a SAR is a single antenna instrument, while the relationship between wind and NRCS depends strongly on the radar look direction relative to the wind direction (e.g., [2] ). Scatterometers use a rotating antenna, or several fixed antennas, to view a given area of the ocean from different directions, to help interpret the measured radar signal intensity in terms of wind speed and direction. For SAR, the wind inversion becomes an underconstrained problem. The simplest and most common solution is to estimate the wind by assuming the wind direction is known from a numerical weather prediction (NWP) model or scatterometry measurements close in time [3] and obtaining the high-resolution wind speed by the interpretation of the NRCS. This works generally well offshore, where gradients of wind directions are quite small, but is not always adequate in coastal regions where local effects are not properly resolved by the forecast models. Moreover, in cases of rapidly changing meteorological situations such as wind fronts or cyclones, a phase shift (in space and/or time) between prediction and actual situation often occurs, making this solution inadequate. Another resource is to retrieve the wind direction from image processing of visible streaks on the SAR image, caused by boundary layer rolls which are aligned with the wind direction [4] , [5] . This is not always satisfactory. The streaks are indeed not always detectable, and nonwind related features may also give linear features on the image. On the top of that, wind directions deduced from streaks analysis and wind direction from NWP can be very different [6] . To overcome these difficulties, a scheme for an optimal retrieval of both wind components was suggested by [6] who introduced a statistical (Bayesian) method to combine the NRCS as measured by SAR with both wind speed and direction from a NWP model.
Recently, a new resource for SAR wind inversion has become available. [7] demonstrated how the Doppler centroid anomaly from ENVISAT ASAR could be used to retrieve geophysical information about both wind and sea surface current. Indeed, a residual Doppler comes from the line-of-sight motions of the surface scattering elements relative to the fixed earth. Only the component along the SAR look direction is detected. The 0196-2892/$31.00 © 2012 IEEE ocean surface current contributes to a degree which depends on the relative velocities of the wind and currents, as well as their directions relative to the SAR look direction. After [7] , a jointly developed model to interpret both radar cross section and Doppler information has been reported by [9] , and Doppler has been used to study strong surface current signatures [10] . This paper is the first study to focus on use of SAR Doppler centroid anomalies for wind retrieval.
In Section II, we discuss the wind signature in the Doppler shift with respect to the radar configuration and present an empirical function (CDOP) to relate wind intensity and direction to C-band Doppler shift. In Section III-A, we describe a method to take into account this Doppler information into a SAR wind retrieval scheme. In Section III-B, this method is demonstrated for two SAR images with complex wind conditions, followed by validation against in situ buoy measurements. Summary and further perspectives are given in Section IV.
II. WIND SIGNATURE IN THE SAR DOPPLER CENTROID ANOMALY
A. Doppler Shift From Envisat ASAR
The Doppler centroid has been regularly available in Envisat ASAR WSM products as an auxiliary data set since July 2007, following the demonstration by [7] that it contains useful geophysical information. It is available with a pixel spacing of about 8 km along the azimuth direction, and in the range direction varying from 8 km in near range to 3.5 km in far range. Details on Doppler centroid estimation algorithm are given in ASAR Handbook [8] .
The dominant contribution to the Doppler centroid frequency is the relative velocity of the satellite and the surface of the rotating earth. This can be estimated using a geometric model and removed. The residual Doppler shift or Doppler anomaly, of interest here, reflects the radar detected motions relative to the fixed earth. However, even after geometric correction, two strong biases still mask the geophysical information in the Doppler anomaly and must first be corrected for.
One source of bias is caused by azimuthal variations of the NRCS within the Doppler resolution cell over which a single Doppler centroid is estimated. The part of the Doppler resolution cell which is ahead/behind (in the flight direction) of the zero Doppler line contributes positively/negatively to the Doppler Centroid estimate. These contributions are however weighted by the local NRCS, and hence any azimuthal variations of NRCS may lead to a bias of the Doppler centroid anomaly, independent of any surface motions. A postprocessing correction for this "azimuth bias" is to find an empirical average linear fit between the Doppler centroid values and the corresponding linear gradient of NRCS in the azimuth direction. For a given ASAR WSM scene, this mapping is then used to calculate a Doppler Centroid bias which is removed.
A second independent bias is due to the deviation of the actual azimuth antenna pattern from the theoretical antenna pattern used within the SAR processor. This leads to an electronical mispointing, which adds to the physical mispointing from imperfectly known satellite attitude parameters. Together, this causes an offset which varies strongly with the look angle (in the range direction), but varies slowly with time, and can be regarded as constant along azimuth for a standard SAR scene. A first order correction for this "range bias" is obtained by subtracting the average Doppler Centroid value for the portion of each azimuth line which is over land.
The details of calculating and calibrating the Doppler centroid anomaly, even when land coverage is not available, are given in [11] . An accuracy of the 5 Hz was found by [11] , corresponding to a horizontal surface velocity change of 20 cm/s at an incidence angle of 40
• , and of 40 cm/s at an incidence angle of 20
• . The contribution to the Doppler shift from (wind induced) ocean waves is discussed in the next section.
B. Relationship Between Doppler Shift and Wind
To perform wind inversion from the normalized radar cross section, empirical geophysical model functions (GMFs) such as CMOD (e.g., [2] , [12] , or [13] ) are normally used. Such functions relate the wind speed and direction (with respect to the antenna look direction) to the NRCS with respect to radar configuration (radar wavelength, polarization, and incidence angle). In this paper, we assess the variation of the Doppler shift as a function of wind and radar configurations, and a GMF for Doppler shift by colocating wind measurements at 10 m height from ECMWF (updated every 6 h with 0.5
• spatial resolution) with C-band ASAR Doppler anomalies. We built a match-up database between wind speed and direction from ECMWF, collocated with incidence angle and Doppler measurements from ASAR leading to 277211 and 350007 colocations for VV and HH polarizations, respectively. Fig. 1 (a) and (d) show the Doppler anomaly (squares) with respect to incidence angle (±0.5
• ) for a 7 m/s (±2 m/s) wind speed in upwind (wind blowing toward the antenna ±20
• ) and downwind (wind blowing away from the antenna ±20
• ) directions. As observed, the spread is significant. It can be explained by several factors such as the shift in time between ECMWF outputs and ASAR acquisition, errors in the wind from the model, other geophysical phenomena such as rain (it impacts the roughness and the local wind speed at a resolution not resolved by NWP models), the errors in the Doppler estimates and the nongeophysical corrections applied to the Doppler centroid to get the geophysical Doppler. The areas where strong currents occur have been filtered out.
In the absence of an underlying sea surface current, the Doppler shift induced by the near surface wind is interpreted as the mean line-of-sight of sight velocity of the radar detected scatter elements [7] . Considering the Bragg mechanism, the velocity of these roughness elements is fixed and related to their phase velocity. However, as tilted by longer waves, the NRCS varies along these wave profiles, leading to correlation with horizontal and vertical orbital velocities. Consequently, the Doppler shift is first strongly dependent upon the strength of the tilt modulation. Thus, for a given incidence angle and wind direction, the Doppler shift increases with increasing wind speed [see Fig. 1(b) and (e)]. The contribution of the tilting surface waves relative to the Bragg waves contribution is expected to depend also on the incidence angle. Since the weight of the smallest and slowest waves (Bragg) contributing to the backscattering increases with incidence, the Doppler shift decreases when incidence increases [see Fig. 1 (a) and (d)]. For a given incidence angle and wind speed, the Doppler is also strongly dependent on the wind direction relative to the antenna look direction. The Doppler shift reaches a maximum (minimum) in upwind (downwind) configuration and becomes zero when the wind is blowing in the azimuth direction [see Fig. 1(c) and (f) ]. The Doppler shift is thus sensitive to the wind direction, which is particularly interesting for SAR wind retrieval, as reliable wind direction estimates are rare. Doppler shifts obtained at HH polarization are always larger than at VV. This is due to the relative weaker contribution of Bragg waves (compared to the larger and faster scales) in HH than in VV polarization [9] , [14] . To interpret upwind/downwind Doppler shift differences, both hydrodynamical modulation and nature of the scattering mechanism can be invoked, as well as possible skewness asymmetries for the tilting waves. To leading order, these combined effects all contribute to increase the mean NRCS and Doppler shift in the upwind situation. As also previously discussed by [15] , the relative weight of the Bragg scattering mechanism is also measurably larger for downwind looking configuration, and the Doppler shift will then decrease accordingly.
From the database of colocated ASAR Doppler measurements and ECMWF winds, we then developed an empirical function which relates the Doppler shift at C-band to wind and radar configuration
The function, called CDOP, is developed using a three-layer neural network and is based on the method outlined by [17] . The full expression of the GMF and its coefficients are given in the Appendix. Doppler shift from CDOP is plotted on Fig. 1 as black lines and fits the data. To validate CDOP on an independent data set, we collocated wind measurements at 10 m height from the ASCAT scatterometer (ASCAT 12.5-km wind product, [16] ) with C-band ASAR Doppler anomalies. We built a match-up database between wind speed and direction from ASCAT, collocated with incidence angle and Doppler measurements from ASAR leading to 576830 and 113462 colocations for VV and HH polarizations, respectively. For HH the RMS and mean difference between simulated and measured Doppler are, respectively, 6.5 Hz and 1.8 Hz. For VV, we found 5.23 Hz and 1.58 Hz, respectively.
III. WIND INVERSION
A. Theoretical Background
Reference [6] first proposed a methodology combining SAR information with a priori information, taking into account that all sources of information, both observations and models, may contain errors. Here, this method is extended to add the information contained in the Doppler shift. Simultaneous observations of NRCS (σ 0 ) and Doppler (f DA ) are assumed to be independent and related to the wind vector u by the CMOD and CDOP transfer functions, respectively. Following [6] , we assume Gaussian errors for observations, GMFs, and the model information. This leads to a minimization problem for the determination of the maximum probability to get a wind vector given {σ
where, u B is the a priori wind vector. Δσ 0 , Δf DA , and Δu are the Gaussian standard deviation errors for the NRCS, the Doppler shift, and the model wind vector. Errors in the GMF CMOD or CDOP and NWP prior errors are expected to be spatially correlated, but not accounted for in this inversion scheme that is applied wind cell by wind cell. The zonal and meridional components of the wind vector u = {u, v} are assumed to be independent, and the last term in (2) can be written as
To illustrate and discuss the contribution of each term of the cost function, we consider a hypothetical case with "true" wind speed of 7 m/s and direction 60
• with respect to the antenna look direction. We assume that the NWP model gives incorrect wind field information (speed: 12 m/s, direction: 15
• ) as might be expected in complex meteorological situations with distinct wind fronts. The terms of the cost function are computed and shown in Fig. 2 Fig. 2 indicates the "true wind" situation. "True NRCS and Doppler" are calculated using CMOD and CDOP, respectively. The white squares indicate the result obtained after minimization of the cost function. Fig. 2(a)-(c) illustrates the contribution to the cost function from the NRCS, model, and Doppler terms, respectively. When only the NRCS is used to compute the cost function, there are several minima (elliptic shape) corresponding to an underconstrained problem. The addition of the model term [ Fig. 2(b) and (d)] accounts for both wind speed and direction and their associated errors. When the a priori information departs too much from the real wind situation, the Bayesian approach cannot compensate the error. As shown in Fig. 2(c) , the use of Doppler shift alone would also lead to an underconstrained problem. On the other hand, as shown in Fig. 2(e) , the NRCS and Doppler cost functions have distinct different shapes which complement each other. In this case, the number of possible solutions is dramatically reduced. Yet, ambiguities remain, and a priori information is still needed in our inversion scheme when a unique solution is required. The total cost function [ (2)] is shown on Fig. 2 As noticed by [18] , the minimization can be reformulated if the NRCS is assumed free of noise and if an inverse GMF is used to relate radar configuration, NRCS, and wind direction (with respect to the antenna look angle) to the wind speed
This inverse GMF enables to determine the possible solutions {u 10 , φ} (or {u, v}) for a given radar configuration and NRCS. Thus, combining (2) and (4), the cost function becomes
The space of solutions obtained with (4) in the context of the previous simulation exercise is presented by the white ellipse on Fig. 2 . Such kind of minimization performed wind cell by wind cell in the SAR image is a local inversion. It does not take account of spatially correlated errors, e.g., sea state errors in the GMF and NWP prior errors are expected to be spatially correlated, but not accounted for.
B. Application and Validation
We have selected two cases of complex meteorological situations to illustrate the wind signature of the Doppler shift, and the performance of the method outlined in Section III. The NRCS and the Doppler shift in VV polarization from Envisat ASAR are shown in Fig. 3 together with ASCAT scatterometer winds for a case with an atmospheric front (upper panels) and for a low pressure system (lower panels). The NRCS wind dependency is more driven by the wind speed than the direction, whereas strong gradients of NRCS are generally associated with rapid changes of the wind direction on short spatial scales. Concerning the Doppler shift, in agreement with Section II, there is expectedly a strong dependency on the wind direction relative to the antenna look direction. For wind blowing along the azimuth direction, the Doppler signal due to wind vanishes and becomes positive (negative) for wind blowing toward (away from) the radar. In addition, for a given direction, the Doppler shift increases with wind speed. For an easier geophysical interpretation, the Doppler shifts are converted to surface radial velocity by the relation
where λ 0 is the radar wavelength and θ is the incidence angle.
In the case of the atmospheric front [ Fig. 3(a)-(c) ], ASCAT indicates that north of the front, the wind blows from north-northeast and turns abruptly to become north-westerly oriented. Comparing with ASAR NRCS, it can be observed that no matter the wind direction, the NRCS increases with increasing wind speed. Near the front, strong ASAR NRCS gradients, ASCAT wind direction changes and radial velocities sign switches are correlated. Thus, the combination of NRCS and Doppler, can give a qualitative indication about the wind field structure for a given scene.
In the case of the low pressure system [ Fig. 3(d)-(f) ], ASCAT wind exhibits a clear circular pattern of the wind due to the low pressure system. The changes of sign for the radial velocities are consistent with this circular pattern. The sign is positive south of the low pressure center where the circulation of the flow is easterly, and negative to the north, where the flow is westerly. The radial velocities are also in very good agreement with ASCAT wind field.
For both these cases, we compared three different schemes: 1) scatterometry approach where wind is calculated with the CMOD function [12] and the wind direction is given by a model; 2) the Bayesian scheme where only NRCS and model information are used; and 3) the Bayesian scheme combining Doppler, NRCS and model. Results by using the cost function of (5) are presented in Fig. 4 . Comparison with the ASCAT wind fields clearly demonstrates the benefit of using the Doppler with NRCS for wind inversion. When the Doppler shift is included, the wind pattern as obtained with ASAR compares very well with ASCAT results. For the low pressure system, the circular wind pattern is well captured by SAR when Doppler is used [see Fig. 4(f) ]. For the case with the atmospheric front, when Doppler is used, the location of the abrupt shift of wind direction is located where there is a strong gradient of NRCS, in agreement with the ASCAT wind [see Fig. 3(c) ].
For a quantitative validation, we have colocated 103 SAR images with wind measured by NDBC buoy number 42056 in the Caribbean Sea without any particular selection of meteorological situations. These cases do not correspond to any particular complex meteorological situations, and the model is not expected to be dramatically wrong. The statistics of the results obtained using the Bayesian scheme with and without the Doppler are shown in Table I . The wind direction is much more accurate for the scheme including the Doppler shift, with a RMS of 14
• , compared to 30
• for the same scheme without the Doppler information. This improvement in the wind direction RMS is due to the few cases where the a priori information and the in situ measurement are strongly inconsistent. For the wind speed, we find in fact a slightly decreased performance when Doppler shift is included. It is likely due to the high uncertainty of the Doppler centroid anomaly, as it is still to be considered as an experimental derived quantity in the Envisat ASAR ground segment. In particular, when the a priori wind information and the NRCS are very consistent, the use of Doppler anomaly can add noise to lower the performance the inversion scheme (Table II) .
IV. CONCLUSION
Hitherto the investigations of the Doppler shift signals have mostly been conducted in areas with strong surface currents, such as in the Agulhas Current, to derive and analyze estimates of the surface current [9] . However, as demonstrated by [7] the Doppler shift anomaly results from a mixture of sea state displacements from the wind, waves, and currents.
This study shows that the Doppler anomaly as measured by SAR at C-band is indeed wind dependent with respect to polarization, incidence angle, and antenna look direction. This dependency is found to be complementary to the NRCS. Using a Bayesian scheme, we demonstrate how these two radar quantities, i.e., NRCS and Doppler anomaly, could be advantageously used to increase the weight of the SAR data in the SAR wind inversion schemes. In particular, it is found that the high sensitivity of the Doppler to the wind direction is useful to retrieve more realistic wind patterns in cases of complex and rapidly changing meteorological situations. Thus, for coastal wind regimes and extreme events such as hurricanes, typhoons, and polar lows where the SAR images may be colocated with incorrect a priori wind field information (particularly the wind direction) the incorporation of the Doppler shift will provide highly valuable information.
Today, the Doppler shift is not provided as a geophysical product and is not routinely used for geophysical inversion by the scientific community. Accordingly, the precision requirements, which are a few Hertz for sea surface current estimation or wind estimation, are not yet achieved. Additional correction steps must thus be performed. In particular, antenna characteristics have to be more accurately known. Yet, the results found in this study are very encouraging. In particular, for future SAR missions such as Sentinel-1, the Doppler anomaly will be a standard component of the L2 ocean product. The method will then benefit of more accurate Doppler anomalies and a new improved version of CDOP could be developed. In the future, the Bayesian scheme could further be improved by using a nonlocal inversion scheme and a better description of the error structures.
New more accurate radar quantities are then foreseen to provide improved information for both wind field and surface current inversions. Ideally, next refined step could thus be a more consistent synergetic approach where the NRCS and the Doppler shift information would be combined to derive improved estimates of both the near surface wind field and the sea surface currents (using a priori routine atmosphere and ocean circulation model first guess). A complementary Doppler and NRCS capability may be interesting for future scatterometer systems. Indeed, the multi-azimuth angular dependence associated with NRCS and Doppler measurements would then allow better constraining the inversion problems.
APPENDIX
Doppler shift due to sea surface wind can be written as Δf pp = α pp F [X(θ, φ, u 10 , pp)] + β pp where θ is the incidence angle in degree, φ the wind direction with respect to the antenna look angle in degrees (where 0 (respectively, 180
• ) means wind blows toward (respectively, against) the antenna. Thus, 90
• and 270
• mean wind blow in direction perpendicular to the antenna look direction.), u 10 the The set of coefficients ω for each polarization is given in Table II. 
